We report the nanosecond time-scale and micron length-scale dynamics of elastic wave, plastic deformation, melt-front and crack propagation during laser-induced damage in the bulk of an optically transparent crystalline solid. Time-delayed probe pulses with wavelengths corresponding to RGB-color filters are used to obtain multiple images during a single damage event. This technique enables ''real-time'' dynamical studies of complex transient phenomena. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1511536͔
microscope objective. The camera disperses the RGB probe beams onto three spatially registered CCD's. The DKDP crystals were grown by a rapid-growth technique at Lawrence Livermore National Laboratory ͑LLNL͒. 9 The peak incident pump laser fluence on focus was 68 -80 J/cm 2 and damaged with 20%-60% probability, respectively. This is consistent with bulk damage threshold measurements performed at LLNL on the highest-quality material. 1ϫ1ϫ1 cm 3 samples were oriented along x -y -z principal axes and six sides were optically polished and diamond turned at LLNL. The absorbed pump laser intensity was measured by detecting the transmitted power with 300 ps resolution. Absorption onset occurred at the peak intensity of the pump pulse (tϭ0) consistent with breakdown by multiphoton absorption. The pump energy was deposited in a ϳ7.5 ns FWHM pulse. RGB images at the same time delays showed that the size and spatial orientation of image features did not depend on probe wavelength. Images in Fig. 2 , rows ͑a͒-͑d͒, show four laser-induced damage events with 1.2 mJ incident pump energy and 0.1, 0.2, 0.4, and 0.6 mJ absorbed energy, respectively. For each event, the first three time-sequenced images were obtained using the ns time-delayed RGB probe pulses and the fourth image was taken 2 s after the pump using the blue probe. The pixel resolution was 1.23ϫ1.23 m 2 at the interaction image plane. The images were obtained through crossed linear polarizers ͑P and A in APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 17the horizontal and vertical axes of Fig. 1 , respectively. The probe was incident along the zϭ͓001͔ axis. DKDP is a uniaxial crystal. In this geometry, the crossed-polarized image is normally dark without strain. The bright image intensity is due to the path-integrated birefringence along the z direction. By symmetry, the image is always dark along the x and y directions. 10 The pump was incident along x. Even with the probe beams blocked, we observed the small bright spot in the dark central region due to emission from the laser-heated plasma at the damage nucleation site. The spectrally integrated emission intensity had a 10 ns FWHM peaked at ϳ5 ns delay time. Outside the pump waist w 0 , and at times Ͼ10 ns, all birefringence is due to strain as field-induced birefringence is negligible.
The leading edge of the outgoing strain wave forms a crossed double-ellipse pattern in the zϭ0 plane. A comparison of Figs. 2͑b͒-2͑d͒, and events at other time delays, allows us to conclude that the leading edge velocity was independent of the absorbed pump energy, constant for time delays Ͼ10 ns, and fit both the anisotropic shape and velocity expected for elastic wave propagation with a point disturbance using the room temperature and 1 atm DKDP elastic constants. 10 The expected velocities of the x polarized ͑fast͒ and y polarized ͑slow͒ wave along ͓100͔ are ͱc 11 With an absorbed pump fluence similar to that shown in Fig. 2͑c͒ , the average velocity of the longitudinal wave along ͓100͔ between 0 and 10 ns was 5.6Ϯ0.1 km/s which is higher than the elastic speed by more than our error bar. The leading edge propagates as a shock wave but only at times Ͻ10 ns.
The dark circular feature centered at the damage nucleation site in Fig. 2 appears dark with very high contrast. In Fig. 3 , we show images obtained in the same laser geometry but with the crystal rotated with xϭ͓100͔ and zϭ͓001͔ axes in the horizontal and vertical directions, the probe beam incident along the yϭ͓010͔ axis, and no crossed linear polarizers in the probe beam. The absorbed pump energies in Figs. 3͑a͒ and 3͑b͒ were 0.2 and 0.4 mJ out of 1.2 mJ incident pump energy, respectively. In Fig. 3͑a͒ at 50 ns, the dark region is anisotropic with the x -z ratioϭ1.4. In Fig. 3 , image contrast is due only to scatter, refraction ͑lensing͒, or absorption and a large index difference is required to produce the observed Ͼ95% contrast. For pure refraction, lensing at object sizes up to the ϳ50 m radius in Fig. 2͑d͒ , would require the average refractive index nϾ3. The average edge of the dark region is quite sharp in the object plane with a 90% to 10% fall off of 2.5Ϯ0.5 m ͑near pixel resolution͒. Such a large and spatially sharp refractive index gradient (nϭ1.5 in the surrounding material͒ implies a phase front. At 35 ns in Fig. 2͑d͒ , the upper bound on the average temperature in the ''dark'' volume is 900°C assuming the total ab- sorbed energy is distributed in the ellipsoidal volume (r x,y ϭ48 m, r z ϭ34 m͒ and the heat capacity is that of the room-temperature crystal. If the dark region were still in that state with an 8 eV band gap, the thermalized plasma density would be negligible. The energy density is, however, high enough for solid-solid and melting phase transitions. The equilibrium melt temperature 11 is 430°C at 4 GPa with a transition line slope of 50 K/GPa so the melt is energetically accessible under the experimental conditions of 12 GPa, Ͼ830°C at 10 ns delay and marginally accessible at longer delays when the dark region stops expanding.
We identify the phase as a liquid because the sign of the birefringence tells us the strain wave is compressive and only the melting transition is volume expanding while all known solid-solid transitions in DKDP/KDP 11, 12 are either volume continuous or contracting. The bright region between the dark circle and leading edge of the strain wave in Fig. 2 is also due to compressive strain. Assuming the strain propagates outward at the 300 K speed of sound, then in Figs. 2͑b͒-2͑d͒ the driving strain pulses are 27, 40, and Ͼ50 ns in duration, respectively. The dark region stops growing between 20-35, 35-50, and after 50 ns. This temporal correlation implies the strain is due to the continued compression of material as the phase-front advances. In addition, cracks are ''annihilated'' as the phase boundary grows to incorporate them. This is seen in Fig. 3 : The tail of a crack initially propagating at 45°and then at 31°is obscured inside the phase boundary as it grows and the crack tip at 18°appears to have been the template for the crack to regrow into the center as the dark region contracts upon cooling. This is consistent with melting and resolidification.
These arguments together allow us to deduce that we have imaged melt-front propagation. In the x -y plane it is radially symmetric with an average melt-front velocity of 0.80 and 1.0 km/s between 20-35 ns in Figs. 2͑c͒ and 2͑d͒ , respectively, and 0.88 km/s between 35-50 ns in Fig. 2͑d͒ . These speeds are 50%-60% of the slowest sound velocities in the x -y plane. The x -z anisotropy is 1.4͑Ϯ0.05͒:1. The thermal conductivity in the tetragonal solid is nearly isotropic. However, at constant volume, a spherical thermal gradient generates 2.8 times more pressure in the z direction. The linear thermal expansion coefficient is 2 times higher in z than in the x -y plane and the fractional linear compressibility is 1.4 times lower. This pressure anisotropy suppresses the melt front in z relative to the x -y direction.
The strain remaining 2 s after the pump ͑fourth column͒ is due to plastic deformation. In Figs. 2͑a͒ and 2͑b͒ there are no significant changes in the m-scale plastic deformation after the falling edge of the outward propagating strain wave, i.e., deformation occurs during expansion of the melt rather than during resolidification. DKDP is a ductile material. The observation in Fig. 2͑a͒ that deformation occurs in the absence of cracking shows directly that the threshold conditions for plastic deformation remain lower than the threshold for cracking even on the ns time scale.
Two types of cracks were observed, both propagating in the ͓110͔ -z plane. Type a cracks ͑marked a in Fig. 3͒ propagate in a single direction outward from the melt front in the equivalent ͓1,1,1.65͑Ϯ0.1͔͒ directions. The average velocities of type a cracks range from 1.4 to 2.1 km/s between 20 and 35 ns delay. On average, type a cracks propagate faster and for longer distances than type b. Type b cracks appear in the equivalent ͓1,1,␤͔ directions where ␤ decreases during the damage event from initial values as high as 1 to final values of 0.3 to 0.13. In Fig. 3͑a͒ , a type b crack changes propagation direction from 45°to 18°in the x -z projected plane between 20 and 50 ns delay. A curved track is not observed because the back end of the crack is obscured by the advancing melt front. The observation that the direction always shifts toward lower ␤, which also is the direction of slower strain wave speed, suggests that the crack tip may be guided dynamically in the direction where crack speed is a constant fraction of strain wave speed.
In the event of Fig. 3͑b͒ ͑see arrow͒, an additional ellipsoidal optical feature appears brighter than the liquid but darker than the initial solid phase. It expands in the z direction after 20 ns but is confined to the melt-front diameter along x. Because of the significant image contrast and abrupt difference in index of refraction, we assign this feature to a high-pressure ordered solid phase. Observation of cracks in this region rules out the possibility of it being a liquid. It is probably an ordered phase because the after-damage optical transparency of this region is similar to the initial crystalline quality KDP has been measured at high pressure. 12 Phase V, believed to be orthorhombic, has a dielectric constant and volume discontinuity at the IV-V transition consistent with our observation. The 20-30 ns time delay in forming this phase is also consistent with a symmetry-changing transition.
In closing, we obtained time-sequenced images of ns time-scale morphological changes during single laser damage events. The images allow velocities and the competition between strain relief, deformation, and cracking to be viewed directly under divergent load. This technique can be extended to obtain more images per event at shorter time scales and applied to other material systems.
